Data deposition: This project has been deposited at the DDBJ database under the accession numbers AB979124 (CmsHSP1) and AB979125 (CmsHSP2).
Introduction
High temperature is a major environmental stress factor that can cause life-threatening distress in organisms, including the denaturation of proteins and nucleic acids, the dissociation of protein complexes, and the destabilization of membrane structure. Despite this, many organisms thrive in extremely high temperature environments. Most studies have focused on the prokaryotes that inhabit extreme environments, often providing practical benefits, such as thermostable DNA polymerases (Innis et al. 1988 ). However, some eukaryotes can also exist in extremely hot environments.
The red algae in Cyanidiaceae inhabit sulfate-rich hot springs (pH 0-3.0, 30-60 C) throughout the world, and are considered to be the most heat-tolerant photosynthetic eukaryotes (Ciniglia et al. 2004; Yoon et al. 2006) . Cyanidioschyzon merolae, a Cyanidiaceae, is a eukaryote with a very simple cell architecture, namely a single nucleus, a single mitochondrion, and a single chloroplast (Merola et al. 1981; Kuroiwa et al. 1994 ). The Cy. merolae genome was the first alga genome to be sequenced (Matsuzaki et al. 2004) , and one of the first eukaryotic genomes to be 100% sequenced (Nozaki et al. 2007 ). Furthermore, microarray techniques have revealed the organism's transcription profiles under varied conditions (Fujiwara et al. 2009) . In this study, we investigated the heat-resistance strategy of Cy. merolae by microarray analysis using cells with and without transient heat shock treatments. We focused especially on two small heat shock proteins (sHSPs) that belong to a unique class of HSPs, among many other candidates. These sHSPs were associated with gene regulatory systems that could sense species-specific absolute temperatures, and may be linked to fitness in extreme thermal environments.
Materials and Methods

Growth Conditions
Cyanidioschyzon merolae strain 10D was cultured in 2 Â Allen's medium (Allen 1959 ) at pH 2.3 under continuous light (40 W/m 2 ) at 42 C or at room temperature (28 C). The green alga Ch. reinhardtii strain CC125 (in family Chlamydomonadaceae) was cultured in tris-acetatephosphate (TAP) medium (Harris 1989) 
Heat Shock Treatment
To test the survival temperature limits of Cy. merolae and Ch. reinhardtii, 200 ml of cell cultures were placed in PCR (polymerase chain reaction) tubes and heated using a thermal cycler (Bio-Rad Laboratories, CA). Cell cultures were put in glass test tubes (' 25 mm Â 1.3 mm) and incubated in a constant temperature bath for 20 min in preparation for RNA extraction. The cell cultures were kept in the dark during the heat shock treatments. It took less than 5 min to heat samples up to the temperature of the bath using this method. Color tone changes were analyzed by quantifying the amount of chlorophyll a and phycocyanin, as described previously (Arnon et al. 1974 ).
RNA Extraction
Cells were collected by centrifugation at 6,000 Â g for 2 min. Pellets were lysed with nucleic acid extraction buffer (300 mM NaCl, 2% Tris-HCl [pH 7.5], 100 mM ethylenediaminetetraacetic acid, 4% SDS) and vortexed well. Two-fold volumes of phenol-chloroform mixture were added to the samples and centrifuged at 15,000 Â g for 10 min. Supernatants were removed to new tubes and the same volume of 2-propanol was added and centrifuged at 15,000 Â g for 20 min. Pellets were rinsed with 70% ethyl alcohol and lysed with 180 ml of nuclease-free water. DNA was digested using DNase I (Takara Bio, Shiga, Japan). After DNA degradation, the same volume of phenol-chloroform mixture was added to the samples and centrifuged at 15,000 Â g for 10 min. Supernatants were again removed to new tubes and the same volume of 2-propanol was added and centrifuged at 15,000 Â g for 20 min to pellet DNA. Pellets were rinsed with 70% ethyl alcohol and lysed with 50 ml of nuclease-free water.
Microarray Analysis
All steps in the microarray analysis were performed essentially as described previously (Fujiwara et al. 2009 ). Five micrograms of total RNA samples were reverse transcribed in 20 ml reaction mixes containing 50 ng/ml of oligo (dT) primer, 2 U/ml of RNase inhibitor, 0.5 mM dNTP (deoxynucleotide triphosphate) mixture, and 1 ml of reverse transcriptase. Amino-allyl amplified RNA (aRNA) was synthesized using an Amino Allyl MessageAmp II aRNA Kit (Ambion, TX), according to the manufacturer's instructions.
Cy3-conjugated aRNA in hybridization solution (5 Â SSC [saline sodium citrate], 0.5% SDS, 4 Â Denhalt's solution, 10% formamide, 100 ng/ml salmon sperm DNA) was hybridized to spotted microarray slides and covered with a cover glass (Matsunami Glass Ind., Ltd., Osaka, Japan) in a slide hybridization chamber (Sigma-Aldrich, MO) for 18 h at 45 C. Hybridized slides were washed in 1 Â SSC/0.03% SDS for 6 min at 45 C, followed by 0.2 Â SSC for 5 min and 0.05 Â SSC for 4 min, and then spin-dried before scanning. Microarray slides were scanned using a FLA-8000 scanner (Fujifilm Corp., Tokyo, Japan) at a wavelength of 532 and 635 nm at 5-mm resolution. Microarray image gene spot signal strength was measured using the microarray analyzing software ArrayGauge version 2 (Fujifilm Corp.). Every gene was spotted at two locations on the microarray slides to confirm reproducibility. Genes with signal strength ratios between both spots from 0.5 to 2.0 were extracted and included in the data.
RNA Gel Blot Analysis
Fifteen micrograms of total RNA was electrophoresed on a 1.2% agarose gel and blotted onto Biodyne Nylon Transfer Membranes (Pall Corp., NY). RNA was cross-linked using ultraviolet radiation (1,200 Â 100 mJ/cm 2 ; Spectrolinker XL-1500, Spectronics Corp., NY). Ten micrograms of DNA were labeled using Amersham Gene Images AlkPhos Direct Labeling and Detection System (GE Healthcare, Little Chalfont, United Kingdom) and added to hybridization buffer for 20 h at 55 C. Chemiluminescence was detected for 2,000 s with a lumino-image analyzer LAS3000 (Fujifilm Corp.) after washing the membranes, and analyzed with Multi Gauge version 3.0 software (Fujifilm Corp.). As a loading control, the gels were also stained by ethidium bromide.
Quantitative Real-Time PCR Quantitative real-time PCR (qRT-PCR) was performed using the FastStart SYBR Green Master (ROX, Roche Diagnostics, Basel, Switzerland) and a Mx3000P system, following the manufacturer's instructions. The quantitative estimations were calculated with MxPro software using the ÁÁCt (cycle threshold) method (Stratagene, Agilent Technologies, CA).
Antibody Preparation
Full-length HSP1 (CmsHSP1) and HSP22F (CreHSP22F) genes were amplified and cloned in pQE-80 L (Qiagen, Venlo, The Netherlands). The vectors were transformed into Escherichia coli BL21 and selected on Luria-Bertani (LB) agar medium containing 50 mg/ml Carbenicillin (Nacalai Tesque, Kyoto, Japan). The cultures were grown in LB medium at 37 C for several hours and isopropyl b-D-1-thiogalactopyranoside (IPTG) was added at OD 600 0.7-1 to a final concentration of 1 mM. Proteins were purified using Ni-NTA agarose (Qiagen), following the manufacturer's instructions. The isolated CmsHSP1 and CreHSP22F fusion proteins were injected into mice.
Immunoblot
Proteins were separated by 12.5% (w/v) SDS-PAGE and electrotransferred onto polyvinylidene fluoride membranes. A 1:5,000 antibody dilution was added, and the protein-antibody complexes were labeled using an ECL Plus Western blot detection kit (GE Healthcare). Chemiluminescence was detected with a lumino-image analyzer LAS3000 (Fujifilm Corp.) and analyzed using Multi Gauge version 3.0 software (Fujifilm Corp.). As a loading control, the gels were also stained by Coomassie Brilliant Blue.
Phylogenic Analysis
Small HSP homologs were collected using BLAST searches against public databases. The sequences were aligned using ClustalW in MEGA 5.0 (Tamura et al. 2011) . Eighty-one amino acid residues corresponding to the a-crystallin (aC) domain that is conserved in sHSPs were used for the phylogenetic analyses. Bayesian inference was performed using MrBayes version 3.2 (Ronquist et al. 2012) . Eleven million generations were completed, and trees were collected every 5,000 generations, after discarding trees corresponding to the first 25% (burn-in), to generate a consensus phylogenetic tree. Bayesian posterior probabilities were estimated as the proportion of trees sampled after burn-in.
Results
Cyanidioschyzon merolae Survive a Heat Shock of 63 C for 20 min
The optimal growth temperature for Cy. merolae in a laboratory is 42 C. We first investigated Cy. merolae's upper temperature heat shock limit of survival. Cell cultures were divided and treated with high temperatures (60-67 C) for 20 min. Cells were discolored immediately after the heat shock treatment when exposed to temperatures higher than 66 C ( fig. 1A ). Photosynthetic pigments were quantified colorimetrically. Chlorophyll a content began to drop above 66 C, while the content of phycocyanin declined more gradually beginning at temperatures above 50 C (supplementary fig.   S1 , Supplementary Material online). Intactness of cells was studied by phase-contrast microscopy. We found that heat shock treatments at or above 66 C caused severe cell structural damage, including a loss of membrane integrity and cell shrinkage ( fig. 1B ). After the heat shock treatment, cells were incubated at 42
C to see whether they could recover from the damage. One day after heat shock treatment, cell cultures exposed to temperatures higher than 64 C bleached out and could not recover, whereas cells treated with temperatures lower than 63 C recovered successfully and stayed green ( fig. 1A ). These results suggest that Cy. merolae could survive a transient heat elevation up to 63 C, which is~20 C higher than its optimal growth temperature.
Heat Stress Induced Two Small HSPs
We compared the gene expression profiles of cells cultured at 42 C and cells transferred to 62 C, using a microarray system that covered >96% of the total predicted gene models (4,586 genes out of 4,775 predicted genes) (Matsuzaki et al. 2004; Fujiwara et al. 2009) , to characterize the molecular basis for the Cy. merolae heat response. Cells cultured at 28 C and transferred to 50 C were analyzed as a reference. We found 57 genes with messenger RNA (mRNA) accumulation levels that were elevated more than 3-fold in cells that were transferred from 42 to 62 C, and 44 genes that were upregulated in cells that were transferred from 28 to 50 C (supplementary table S1, Supplementary Material online). Most of these upregulated genes had unknown functions, and may be specific to C. melorae. However, among them, we identified two genes (CMJ100C and CMJ101C: accession numbers AB979124 and AB979125) that were dramatically upregulated after the heat elevation ( fig. 2A and supplementary table S2, Supplementary Material online). These two genes were homologous to two sHSPs identified in the Cy. merolae Genome Project (http://merolae.biol.s.u-tokyo.ac.jp/, last accessed October 10, 2014). The amino acid sequences encoded by CMJ100C (deduced molecular weight: 20.6 kDa) and CMJ101C (27.1 kDa) were aligned to homologous sHSPs from other species ( fig. 3A ). This alignment showed that the C-termini of the CMJ100C and CMJ101C protein products possessed a well-conserved aC domain, composed of eight to nine regions likely to form b sheet structures, whereas the N-termini were less conserved. It has been assumed that the N-termini of sHSPs play important roles in substrate recognition (Ahrman et al. 2007; Jaya et al. 2009; McHaourab et al. 2009 ). These are defining features of sHSP/aC proteins; therefore, we tentatively designated CMJ100C and CMJ101C as CmsHSP1 and CmsHSP2, respectively.
A phylogenetic analysis was performed using the amino acid sequences of sHSPs from bacteria, red and green algae, and land plants. The results showed that the sHSPs from the Cyanidiaceae (Cy. merolae, Cyanidium caldarium, and Galdieria sulphuraria) were more closely related to bacterial genes than to the sHSPs from the other algae or land plants ( fig. 3B) .
The sHSPs can act as adenosine triphosphate (ATP)-independent molecular chaperones. They bind denaturing proteins and thereby protect cells from damage caused by the formation of irreversible protein aggregates. Plants encode sHSPs that are targeted to specific cellular compartments (Scharf et al. 2001) . Organelle-targeted sHSPs are unique to plants, the only exception being a mitochondrion-targeted sHSP in Drosophila melanogaster (Wadhwa et al. 2010; Basha et al. 2012) . The proteins encoded by CmsHSP1 and CmsHSP2 were predicted by TargetP and PSORT (Nakai and Horton 1999; Emanuelsson et al. 2000) to be targeted to different intracellular compartments: CmsHSP1 to the cytosol or nucleus, and CmsHSP2 to chloroplast or mitochondria ( fig. 2C ). Consistent with this prediction, the amino acid sequence alignment showed that CmsHSP2 possessed an~30 amino acid extension at the N-terminus that was absent in other sHSPs that may function as a transit peptide (fig. 3A) .
sHSP Genes Are Regulated by a Survival Threshold Temperature The CmsHSP1 and CmsHSP2 proteins are encoded by genes on chromosome 10 that are side by side in an inverted repeat orientation, which was likely a common promoter for the two genes ( fig. 2B ). We performed a qRT-PCR analysis to compare the expression profiles of these two genes with two other HSP genes, HSP70 and HSP60, that were predicted to encode proteins that localized to cytosol, and to mitochondria and chloroplast by TargetP and PSORT (Nakai and Horton 1999; Emanuelsson et al. 2000) . This analysis showed that the expressions of both the CmsHSP1 and CmsHSP2 genes were enhanced by~1,000-fold on exposure to 50 C, while HSP70 and HSP60 were more moderately upregulated (~16-fold) ( fig. 4A ). In the microarray analysis, other HSP-encoding genes such as HSP60, HSP70, and HSP100 were enhanced by only 1.17-to 1.5-fold (supplementary table S1, Supplementary Material online). It has been reported previously that these three HSP genes were highly expressed under normal growth conditions (42 C, pH 2.3) (Matsuzaki et al. 2004 ). For HSP60, HSP70, and HSP100, the expression levels were already high and the microarray signals were almost saturated even under the normal growth conditions (42 C, pH 2.3). Therefore, further elevation was difficult to detect using microarray.
We also monitored the accumulation levels of CmsHSP1 mRNA and CmsHSP1 protein after the temperature shift (42-50 C). The qRT-PCR results indicated that the CmsHSP1 mRNA levels were elevated already after 5 min of the heat shock ( fig. 4B and C) , and the accumulation of the CmsHSP1 protein also began within 10 min ( fig. 4C ), confirming the rapid response of the CmsHSP1 gene triggered by the temperature shift (42-50 C). We detected an extra band above the protein band being investigated in our immunoblots ( fig. 4C ). This upper band was considered to be a crossreaction of the antibody with CmsHSP2.
We then questioned whether the sHSP genes were regulated by the difference in temperatures or by the absolute temperature. To address this question, we compared cells shifted from 28 to 50 C and from 42 to 62 C. Microarray analysis indicated the expression level of CmsHSP1 and CmsHSP2 were upregulated drastically under both conditions (supplementary table S1, Supplementary Material online). This response was confirmed by qRT-PCR, RNA gel blot, and immunoblot analyses (fig. 4) . When cells cultured at 28 or 42 C were exposed to increasing temperatures (42, 46, 50, and 54 C for 20 min), CmsHSP1 and CmsHSP2 were upregulated drastically by a threshold temperature of 46-50 C in both initial growth conditions ( fig. 4A and D) . When cells cultured at 28 C were incubated at 42 C, neither CmsHSP1 nor CmsHSP2 were induced, despite a temperature difference of 14 C. These results imply that the two sHSPs were regulated not by the relative difference in temperatures, but rather by the absolute temperature (46-50 C) ( fig. 4A , D, and E).
sHSP Genes in the Green Alga Ch. reinhardtii Are Regulated by a Threshold Temperature
The gene pairs Cre07.g318800 (HSP22A) and Cre07.g318850 (HSP22B), and Cre14.g617400 (HSP22F) and Cre14.g617450 
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). Therefore, we tested whether a threshold temperature might also regulate the expression of these Ch. reinhardtii genes. The upper survival temperature limit of Ch. reinhardtii was determined to be 42 C or higher ( fig. 5A and B) . Next, cells cultured at 24 C were transferred to various temperatures (24-40 C) for 20 min and the expression profiles of the sHSP genes were compared ( fig. 5D ). The qRT-PCR analysis indicated that the sHSP transcripts were 10-to 1,000-fold upregulated at temperatures higher than 36 C. This protein level upregulation at 36 C was also observed in the immunoblot analysis using an antibody against HSP22F (fig. 5E ). These results suggest that the threshold temperature for activating sHSP expression in Ch. reinhardtii is~36 C, which is significantly different from our findings for Cy. merolae (46-50 C).
Discussion
High temperatures create a series of challenges for eukaryotes. One of the early events caused by high temperatures is the simultaneous denaturation and/or destabilization of proteins, lipids, nucleic acids, and other biomolecules in multiple cellular compartments. One possible outcome is impaired electron transport efficiency within mitochondria and chloroplasts related to an elevated production of reactive oxygen species that can result in power and energy production deficiencies (Yamamoto et al. 2008; Foyer and Noctor 2009 ). The optimal growth temperature for Cy. merolae in a laboratory is 42 C. When exposed to temperatures higher than 66 C, the cells discolored immediately ( fig. 1 ). Photosynthetic pigments were quantified colorimetrically, which confirmed the breakdown of chlorophyll a (supplementary fig. S1 , Supplementary Material online). Interestingly, although chlorophyll a content began to drop only above 66 C, phycocyanin content declined gradually after 50 C. It is not immediately clear what caused these two different behaviors, but one explanation may be that the stability of chlorophyll a is likely determined by a noncovalent association with photosynthetic proteins and this association may break down at 66 C, leading to the observed rapid degradation of chlorophyll a. However, phycocyanin is covalently associated with phycobiliprotein (Brown et al. 1979; Grantt 1981) and so gradual structural changes in phycobilprotein in response to the heat stress may have influenced the absorption spectrum, making phycocyanin appear more sensitive.
Small HSPs are considered to be "first responders" capable of immediately binding unfolding proteins. Indeed, sHSPs/aC can suppress protein aggregation in an ATP-independent manner (Horwitz 1992) . Many sHSP/aC proteins have been shown to bind up to an equal weight of nonnative proteins, keeping these proteins accessible to other ATP-dependent components of the protein quality control network for further processing (Mogk, Deuerling, et al. 2003; Mogk, Schlieker, et al. 2003; McHaourab et al. 2009; Mymrikov et al. 2011) .
Furthermore, sHSPs are targeted to various intercellular components including the cytoplasm, nucleus, endoplasmic reticulum (ER), mitochondria, and chloroplasts. In chloroplasts, for example, sHSPs participate in the protection of photosystem II (PSII) (specifically, the H 2 O-oxidizing, quinone-reducing complex PSII), which is usually the most heat sensitive component of the chloroplast thylakoid membrane protein complex involved in photosynthesis . In mitochondria, sHSPs protect respiratory complexes (especially complex I, which is the most heat sensitive component of the respiratory chain) from degradation and proteolysis (Lenne and Douce 1994; Downs and Heckathorn 1998) .
In this study, we found that CmsHSP1 and CmsHSP2 are located side by side in the chromosome and share a promoter region that probably functions as the common promoter for the two sHSP genes ( fig. 2B ). CmsHSP1 and CmsHSP2 most likely target different cellular compartments in Cy. merolae: CmsHSP1 to the nucleus or cytoplasm and CmsHSP2 to chloroplasts and/or mitochondria ( fig. 2C ). This system may be advantageous for achieving the emergent and rapid activation/delivery of sHSPs to multiple cellular compartments, with minimum time and cost.
Expression of CmsHSPs Is Regulated in Response to Absolute Temperatures
Living organisms adapt to various environments. Therefore, it is likely that emergency response systems will be different in different species, depending on the specific environmental niche that each organism occupies.
The green alga Ch. reinhardtii inhabits soil and water and has an optimal growth temperature of~22 C. It is reasonable, therefore, for this alga to activate heat response sHSP genes at~36 C ( fig. 5 ). However, Cy. merolae inhabits acidic hot springs where 36 C should not be the temperature at which heat response genes are activated. It is crucial, therefore, that Cy. merolae possess a mechanism that can activate the sHSP genes at temperatures of~50 C ( fig. 5 ). We found that the threshold temperature for sHSP expression in Ch. reinhardtii was 36 C, while in a previous study, a threshold temperature of 39 C was reported (Tanaka et al. 2000) . One reason for the difference may be that different strains of Ch. reinhardtii were used; that is, in this study, the CC125 strain was used, while in the previous study, the CC2986 strain was used (Tanaka et al. 2000) . Ch. reinhardtii was reported to accumulate spontaneous mutations even under laboratory conditions (Morgan et al. 2014) , which might have led to their subtly different responses to the heat stress.
Absolute temperature sensing mechanisms are still largely unknown; however, heat shock factors (HSFs) are possible candidates. HSP expression is regulated by HSFs acting as transcription factors. Heat shock transcription factor 1 (HSF1) is the major and most well-studied HSF in eukaryotes. HSF1 is inhibited by associating with HSPs. When cells are stressed by, for example, a rapid rise in temperature, HSPs bind to the denatured proteins and dissociate from HSF1. This frees HSF1, which then forms trimers, which translocate to the cell nucleus and activate transcription (Prahlad and Morimoto 2009) . In yeast and Ch. reinhardtii, HSF1s form constitutive trimers and their activation appears to occur exclusively by hyperphosphorylation (Rabindran et al. 1993; Lee et al. 1995; Schulz-Raffelt et al. 2007) . Three HSFs are encoded in the Cy. merolae genome (Matsuzaki et al. 2004) . It is possible that some of the HSF activation steps, such as HSF-HSP complex formation or HSF trimerization, may be sensitive to the absolute temperature, or that HSF1s also form constitutive trimers in Cy. merolae and that hyperphosphorylation of HSP1 is induced at the survival threshold temperature.
We found that CmsHSP1 and CmsHSP2 were upregulated simultaneously; therefore, we speculate that they may be regulated by a single heat shock element (HSE) and consist of at least three contiguous of the pentameric sequence nGAAn (Amin et al. 1988; Xiao and Lis 1988; Perisic et al. 1989) . To identify the HSE, the promoter sequences of CmsHSP1 and CmsHSP2 were investigated using the TFBIND program (Tsunoda and Takagi 1999) to predict TATA boxes and HSEs. In the CmsHSP1 promoter, a TATA box and two putative HSEs were found, while in the CmsHSP2 promoter, no distinct TATA box was found and information about the 5 0 -untranslated region (UTR) was not available because the expressed sequence tag for CmsHSP2 was not cloned in the Cy. merolae Genome Project, probably because of its low expression level (Matsuzaki et al. 2004) . We found putative HSEs in both the forward and reverse directions at the center of the CmsHSP1 and CmsHSP2 promoters (supplementary fig. S2B , Supplementary Material online). This was actually the candidate HSE that was closest to the TATA box of CmsHSP1. We think that this putative HSE sequence may be the HSE that is critical for the absolute temperature-dependent regulation of the two Cy. merolae HSPs (supplementary fig S2A,  Supplementary Material online) .
Small HSPs are known to evolve at a relatively rapid rate compared with other HSPs such as HSP70 (Basha et al. 2012) . Previous phylogenetic analyses have found that algal sHSPs are not members of the land plant sHSP families (Waters and Rioflorido 2007) . We performed a phylogenetic analysis of the sHSPs encoded in the Cyanidiaceae: Cy. merolae, Cy. caldarium, and G. sulphuraria. All these red algae can grow at pHs from 0 to 4 and at temperatures of up to~60 C. The phylogenetic analysis revealed that these three sHSPs were more closely related to bacterial sHSPs than to green algal sHSPs ( fig. 3B) .
Recently, Schonknecht et al. (2013) reported that at least 75 genes may have been horizontally transferred from archaea or bacteria to G. sulphuraria. Some of these genes may be linked to fitness-related traits such as archaeal ATPases, which may contribute to heat tolerance and bacterial monovalent cation/proton antiporters that may confer tolerance to high salinity. Other speculations are that the sHSPs in Cyanidiaceae may have been acquired from archaea or bacteria by horizontal gene transfer, or that primitive forms of sHSPs have been conserved in Cyanidiaceae, despite the relatively fast evolutionary rate of most sHSPs. Red algae are generally considered the most basal lineage within the bikonts sensu (Cavalier-Smith 2003) or the Plantae sensu (Nozaki et al. 2003) . Cyanidiaceae inhabit an extreme environment, speculated to be similar to the environment when primitive life emerged. This environment may have prevented the Cyanidiaceae sHSPs from evolving at relatively rapid evolutionary rates.
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